14 15 PER-2 belongs to a small (7 members to date) group of extended-spectrum β-lactamases. It has 16 88% amino acid identity with PER-1 and both display high catalytic efficiencies towards most β-17 lactams. In this study, we determined the X-ray structure of PER-2 at 2.20 Å, and evaluated the 18 possible role of several residues in the structure and activity towards β-lactams and mechanism- and Asn179. Other signature residues that define these enzymes seem to be Gln69, Arg220,
cephalosporins, and a series of exclusive interactions between residues not frequently involved in 23 the stabilization of the active site in other class A β-lactamases. PER β-lactamases could be 24 included within a cluster of evolutionary related enzymes harboring conserved residues Asp136 25 and Asn179. Other signature residues that define these enzymes seem to be Gln69, Arg220,
26
Thr237, and probably Arg/Lys240A, with structurally important roles in the stabilization of the 27 active site and proper orientation of catalytic water molecules, among others. We propose,
28
supported by simulated models of PER-2 in combination with different β-lactams, the presence 29 of a hydrogen-bond network connecting Ser70-Gln69-Water-Thr237-Arg220 that might be 30 important for the proper activity and inhibition of the enzyme. Therefore, we could expect that 31 mutations occurring in these positions will have impact in the overall hydrolytic behavior. 
57
PER-2 shares 88% amino acid sequence identity with mature PER-1 and both of them display 58 high catalytic efficiencies (k cat /K m ) towards most β-lactams, generally characterized by similar 59 values for both ceftazidime and cefotaxime, although for PER-2 they seem to be nearly one order 60 of magnitude higher than PER-1 (12, 13). PER-2 is also strongly inhibited by mechanism-based 61 inhibitors such as clavulanate and tazobactam (12).
62
The X-ray structure of PER-1 has been solved (14), and the role of different residues has also 63 been studied for this variant (13, 15) .
64
In this study, we determined the X-ray structure of PER-2 at 2.2 Å, and evaluated the possible 65 role of several key residues in the structure and activity towards β-lactams and mechanism-based 
Molecular biology techniques:
78 Plasmid DNA (pTC9) was extracted using the methodology described by Hansen-Olsen (16).
79
The PER-2 encoding gene was amplified by PCR from plasmid pTC9, using 1 U Pfu DNA Model building and refinement:
143 Refinement of the model was carried out using REFMAC5 (20), TLS (21), and Coot (22).
144
Models visualization and representation were performed with PyMol (www.pymol.org) (23).
145
The structure of PER-2 was refined to 2.2 Å, and deposited at the Protein Data Bank under 146 accession code 4D2O. Structure determination of PER-2 β-lactamase:
162
The structure of PER-2 was obtained at a resolution of 2.2 Å. Main data and refinement statistics 163 are given in Table 1 .
164
The refined structure consists in two monomers per asymmetric unit. Monomer A includes 280 165 amino acids of mature β-lactamase, from Ala24 to Val297; monomer B contains 278 residues, 166 from Ser26 to Val297. The structure is solvated by 152 ordered water molecules.
167
The electron density map is well defined along the main chain of both monomers except for the 168 region covering residues Leu103-Gln103A-Asn103B in chain A, and the last C-terminal residues
169
(Ser298-Pro299-Asp300) in both chains.
170
The rms deviation between the equivalent Cα atoms in both monomers is 0.64 Å and no 171 significant difference is found between the two active sites. Due to this observation, the 172 following discussion will refer to both monomers unless otherwise noted. The overall fold of the native PER-2 β-lactamase is similar to the previously reported PER-1 177 structure (PDB: 1E25) (14), displaying a rmsd of 0.619 Å between them.
178
As other class A β-lactamases, the active site motifs are located in the interface between the "all 179 α" and "α/β" domains. They are defined as "Ser70-Val71-Phe72-Lys73" (motif 1, carrying the 180 nucleophile serine), "Ser130-Asp131-Asn132" (motif 2, in the loop between α4 and α5), and "Lys234-Thr235-Gly236" (motif 3, on strand β3), and the 14-residues-long Ω-loop, from Ala164 182 to Asn179 (Figure 1 ).
183
Compared to other class A β-lactamases, there are three insertions along the sequence of PER-2:
184
(i) Gln103A-Asn103B, and (ii) Gln112A-Gly112B, both located at the bottom of the "all α"
185 domain, as part of a long fold connecting helices α2 and α4, and facing the Ω loop; and (iii)
186
Arg240A-Ala240B-Gly240C-Lys240D insertion that creates an enlarged loop just after the 187 "KTG" conserved motif (Figure 2a ).
188
The insertion Gln103A-Asn103B creates a new fold that seems to be stabilized by hydrogen 189 bonds between Ser106 backbone and probably some rotamers of Gln103B, which is different to 
191
The most relevant structural trait observed in PER-2 (and also PER-1 (14)) is the presence of an four-residues after the "KTG" motif that enlarges the active site entrance up to 12.2 Å (compared 198 to ca 6.5 Å in other class A β-lactamases) (Figure 2b ).
199
The overall structure of the Ω loop is stabilized by hydrogen bonds between the carboxylate's bonds between Ala164 and Asn179, the initial and final residues of the Ω loop.
12
The positioning and orientation of side chains of important residues as Ser70, Lys73, Ser130,
204
Glu166 and Thr237 is equivalent to other class A β-lactamases (Figure 3a and 3b) . These 205 findings, and the fact that Cα-rmsd values of the conserved motifs of PER-2 compared to other 206 class A β-lactamases indicate that there is conservation in the overall structure of the active site
207
( Table 2 ).
208
The presence of a water molecule associated with the oxyanion hole (Wat14 in monomer A,
209
Wat113 in monomer B) is noticed ( Figure 3a) ; it is located at 3.29 Å and 2.85 Å from the 
214
On the other hand, the presence of a deacylating water is not clearly evidenced; no electron 215 density is apparent at equivalent position of the deacylating water Wat2075 in PER-1 (14). We observed several features at the active site's environment of PER-2 not previously evaluated 220 for PER-1 (some of them are shown in Figure 3a ).
221
A water molecule (Wat52) at the entrance of the catalytic site stabilizes the sharp β3-β4 fold inhibition by mechanism-based inhibitors has been also assessed (31).
239
Glutamine 69 has been proposed as the second ligand for the deacylating water for PER-1 (14),
240
homologous to Asn170 in the other class A β-lactamases (32, 33). We observed that Gln69 side 241 chain in PER-2 seems to occupy equivalent space than the highly conserved Asn170 from other 242 class A β-lactamases like TOHO-1. This is partly due to the fact that Asn170 is replaced by 
255
For PER-1, the same role has been suggested according to an Arg220Leu mutant showing 256 modified kinetic parameters towards some β-lactams (13).
257
In fact, we have structural evidences for supporting that Arg220 in PER-2 allows the creation of Arg244/Arg276 and close residues (not shown), and these differences could partially explain the 265 higher catalytic efficiencies of PER-2 towards some antibiotics.
266
Another striking difference between PER β-lactamases and the vast majority of class A enzymes 267 is the presence of a threonine at position 237. From the structure of PER-2, we confirm that 268 Thr237 seems to be important for connecting essential residues of the active site with Arg220 
295
A similar scenario is obtained for the acylated PER-2 model in complex with ceftazidime ( Figure   296 4b), using the TOHO-1/ceftazidime structure (2ZQD). The model predicts that the existence of 297 an expanded catalytic cavity could in fact allow a suitable accommodation of ceftazidime 298 through interactions with Gln69, Ser130, Asn132, Glu166, Thr235, and Thr237.
299
Additional interactions between ceftazidime and other residues were also detected in comparison and deserve further studies.
316
Finally, inactivators like clavulanic acid could be also properly stabilized during inhibition (data 317 not shown), based on models obtained by comparison with the structure of SHV-1 in complex 318 with clavulanate (PDB 2H0T) (45). According to the models, Gln69, Arg220, Thr237 and 319 probably Arg240A could be important in the stabilization of the clavulanate molecule.
320
In TEM and SHV β-lactamases with decreased susceptibility to inhibition by clavulanic acid,
321
various mutations at Arg244 suggest that the interaction between this residue and the clavulanate 322 carboxylate is essential for clavulanate-mediated inactivation (35, 38, 46, 47) .
323
In a recent publication, it was shown that clavulanate, upon acylation of the class A β-lactamase 324 from Bacillus licheniformis BS3, generates two moieties, named CL1 (covalently linked to 325 Ser70) and CL2 (48). According to comparative models with PER-2, both fragments could be in 326 part associated by hydrogen bonds with residues like Gln69, Ser70, Ser130 and Thr237 (data not 327 shown), if a similar inactivation mechanism actually occurs.
328
It has been previously reported that mutations at Gln69 do not seem to impair the inactivation by 329 clavulanate (31). In addition, replacement of Arg220 or Thr237 seem to alter the behavior of 330 PER-1 towards cephalosporins (13).
331
Preliminary results with different mutants of PER-2 in Arg220 have shown that modifications in 332 this residue not only affect the susceptibility to inhibitors but also seem to impact the catalytic 333 behavior towards several antibiotics, especially cephalosporins (49).
334
As these residues appear to be important for the stabilization of the oxyanion pocket, mutations Extended-spectrum β-lactamase PER-2 is a unique enzyme from a structural point of view,
342
belonging to a still small and not widely disseminated group of β-lactamases (seven members are 343 recognized nowadays) in which PER-1 and PER-2 represent the more frequently detected 344 members.
345
We provided herein structural evidences of PER-2 suggesting that a previously not described 346 hydrogen-bond network connecting Ser70-Gln69-Water-Thr237-Arg220 is essential for the 347 proper activity and inhibition of the enzyme.
348
We have also presented, through simulated models of PER-2 in association with oxyimino-349 cephalosporins and clavulanate, the first evidences on the probable interactions of these β-
350
lactams with key residues of the active site, proposing that residues like Gln69, Arg220, Thr237,
351
and probably Asp173 and Arg240A are important for the accommodation of β-lactams within the 352 active site, and their entrance, respectively.
353
Our results could serve to catch a glimpse of hypothetically emerging mutants having disrupted 354 hydrogen-bond networks that would display lower catalytic efficiencies towards some β-lactams
355
(especially cephalosporins) and poorer inhibition by clavulanic acid.
356
Further real structural models, complemented by kinetic data, will give us a more thoughtful idea 357 about the actual role of these residues in the high catalytic efficiency of PER-2 towards most β- 
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